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This thesis presents a method for ranking various 
investment proposals in fund resources according to their 
probabilities of achieving the desired financial outcome 
based upon the tonnage, grade, and pound parameters of the 
resource to be exploited. The methodology presented is 
founded on the philosophy that scarce low-grade fund re­
sources will be explored for and exploited in the future 
under more-or-less predetermined constraints. In the case 
of uranium, project economics can be dealt with a great 
deal more certainty than can the geological constraints. 
Therefore, it is the probability of occurrence of the re­
source which has the most decided effect on decision-making. 
This research was performed in light of the current uranium 
supply/demand outlook and the problem inherent in exploiting 
uranium resources.
The methodology presented herein objectively arrives 
at the resource requirements necessary for successful ex­
ploitation based upon various standard criteria.( This tech­
nique is not the usual "geostatistical" approach used by
iii
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many of my peers, but one arrived at through intuition and 
deductive reasoning. The adoption of the recommended defini­
tions and procedures outlined will help assure that organi­
zations and professionals involved in the economic evaluation 
of fund resources utilize methods consistent with acceptable 
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The past five years or so have been very dramatic ones 
in the area of economic evaluation of existing and proposed 
mineral projects. The expropriation and nationalization of 
foreign resources controlled by multinational mineral and 
energy organizations has been nothing short of barbaric. 
Many of these organizations and others are returning to 
the United States with their investment dollars, where the 
political risks are more quantifiable. The challenges 
ahead of us in the metals-mining industry, especially uran­
ium, may far exceed those anticipated for the resolution 
of the energy crises. The stage or climate has been set 
for the development of long range planning in regard to 
the exploration for and economic exploitation of uranium 
deposits in such, a manner so as to derive the most social 
good from these diminishing and depleting resources. The 
greatest social good may occur at production levels and 
corresponding costs and prices inconsistent with the most 
efficient and economical production centers. Prices may 
have to increase faster than costs in order to increase
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profits and encourage production from lower quality units. 
Unfortunately, this situation may be remedied by the creation 
of additional incentives such as price supports, government 
subsidies, guaranteed price levels or through the Office 
of Mineral Exploration (OME). Hopefully, government inter­
vention will not be necessary, but if it is, then adoption 
of the methodology presented in this thesis will be required.
It is important for the United States and our domestic 
businesses to re-evaluate our domestic supply and demand for 
key mineral commodities and to compile accurate statistics 
of their economic potential. Brobst and Pratt (1973) , in 
their propitiously timed 1973 publication of U.S. Geological 
Survey Professional Paper 820, entitled "United States Mineral 
Resources", reviewed our long-term minimum anticipated cumu­
lative demand (MACD) for 65 mineral commodities. In a sub­
sequent publication called Geological Survey Circular 6 98 
they briefly summarized the important aspects of their find­
ings in regard to the 27 key mineral commodities of our 
society. The very significant portion of domestic consump­
tion provided for by foreign resources cannot be overlooked. 
Our heavy dependence on imports for minerals and fuels places 
us in a continuously precarious position which cannot be 
eradicated overnight. In the case of uranium, very limited 
quantities from foreign countries are entering this country.
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For the sake of brevity, this thesis will exclude this exo­
genous factor.
In full view of this, foreign nations are continually 
nationalizing their resources, especially uranium. In addi­
tion, international cartels are controlling production ca­
pacities and prices. Uranium is now entering a similar 
phase, with increasing evidence of the creation of an effec­
tive international cartel. This situation has fostered the 
need for definitions and a methodology to evaluate domestic 
minerals, especially "fund-type" resources and lower-grade 
deposits.
Purpose and Scope
In lights of the aforementioned background situation, 
there exists a continual need to evaluate exploration and 
development programs from a probabilistic-economic vantage 
point. The purpose of this thesis is to demonstrate the 
ultimate need for a fundamental knowledge of the type of 
resource to be exploited as well as mineral economics in 
general'. Uranium is used as a specific commodity example 
to illustrate how overall knowledge gives one the necessary 
perspective to conduct a thorough research investigation 
and analysis. The distinction between subjective and ob­
jective risk analysis is given in order to clarify the need 
for qualification of quantitative solutions.
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The scope of work includes development of a methodology 
to perform an objective risk analysis of a fund mineral re­
source project coupled with an applied example. The analy­
sis is compared with a brief example of a flow resource 
evaluation as a means of differentiating the techniques and 
their ramifications. Using this methodology, a subjective 
evaluation of a hypothetical uranium exploration program is 
performed using probabilistic risk analysis. This simpli­
fied example is one of many applications of the methodology 
presented. The physical definitions of the mathematical 
formulas used in the methodology are offered as Appendix B 
(pg. 47-49).
Uranium
During the years 1973 through 1975 the domestic as 
well as the international uranium industry has experienced 
a surge in long-term demand for yellowcake (the commercial 
name for market-grade uranium oxide). This thesis is cen­
tered upon the domestic situation, disregarding the effects 
of yellowcake imports and foreign supply as well as the 
introduction of domestic and foreign technologies and their 
trade. This scenario could be markedly changed by the 
inclusion of these prospective factors which follow:
1. The recent overthrow of the Australian Labor 
Party which nationalized all uranium projects 
and terminated all exports. The new govern­
ment appears to be permitting exports of 
uranium which may alleviate many international 
shortages.
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2. The exploration location of a possible 380 
million pounds of uranium in low-grade ores 
in Namibia by satellite.
3. The location of an area of 2,000 square kilo­
meters in central Niger by airborne geophysics 
which may be mostly low-grade uranium ores; to 
be developed and exploited by the Japanese by 
the early 1980's (AIME, Dec. 1975, p. 18).
The current U.S. scenario was created as a result of 
five market conditions of supply and demand. These are:
1. The completion of the old AEG "Stretch-Out"
Program in 1970 which depressed prices by de­
creasing demand relative to domestic production 
capacity.
2. The accelerated growth in yellowcake demand 
beginning in 1973 and continuing into the 
1980's with only a thirteen-year forward cost 
supply of uranium at current prices and a 
probable production capacity short-fall by 
the mid 1980's.
3. The unconscionable OPEC increase in oil prices 
relative to supply; with an inelastic demand for 
for oil; i.e. able to almost triple the price 
paid for crude oil with only a moderate decline 
in associated demand, world-wide. This situation 
has created international monetary disequilibrium.
4. An acute awareness by mining, oil, and utility 
company geologists and executives that perhaps, 
even at elevated prices and capital investments 
into marginal uranium resources, demand for 
yellowcake may far exceed supply in the post- 
1988 economy.
5. The readjustment of relative prices for energy 
producing mineral fuels such as coal, oil, gas, 
and uranium has created additional uncertainties 
because of concern for the environmental impact of 
the required energy development, coupled with 
restoration of the natural price equilibrium 
between these commodities. These high commodity 
prices create an atmosphere for the development
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of substitute resources for petroleum as well 
as alternate resources, through coal liquifi- 
cation and gasification, and shale-oil. This 
"substitutability effect" is creating addi­
tional demand and preference for uranium as 
a fuel for additional electrical generating 
capacity, using the liquid fuels for end uses 
more consistent with their physical properties.
This uncertainty has evolved into a scramble 
for all forms of mineral fuels.
Background
The methodology ̂ presented in this thesis was developed 
in response to the need for evaluating uranium resources 
under conditions of uncertainty, the essential premise being 
the uncertainty of the resource base parameters such as 
tonnage, grade, and pounds and their relative distributions.
In many industries, such as coal mining, unit produc­
tion costs can be decreased by utilizing improved techniques 
and technologies. This is due to the geological occurrence 
and certainty of those deposits now known and currently ex­
ploited. Previously, copper could have been categorically 
placed in this situation, but with significant market price 
increases two historical events took place which relieved 
the supply shortages. These are: 1) the definition of addi­
tional deposits of significantly lower grades, and 2 ) the 
development of technologies which could produce massive 
quantities of material at reduced production costs. We 
have not yet reached this point with uranium, but the stage
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has been set during the past two years which should generate 
the stimulus for the necessary changes. These changes will 
occur as a result of increased market prices and technolo­
gical breakthroughs. The establishment of the U.S. Energy 
Research and Development Administration in January of 1975 
should stimulate the orderly development of new technologies 
to spur exploitation of those low-grade deposits already 
known to exist. The big question is: will enough uranium
deposits in known and unknown environments be found to 
accommodate demand which currently-known low-grade resources 
may not be able to fill, regardless- of price? I would like 
to suggest that, historically and statistically speaking, 
the uranium situation may be far more ominous than the 
previous situation for copper. Historically, domestic 
copper has not undergone the rigorous theoretical and 
applied research as well as exploration effort that has al­
ready been applied to domestic uranium deposits (on a per 
pound basis). At one time the expired AEC had one of the 
most extensive exploration programs ever in existence for 
a non-fossil mineral commodity. Statistically speaking,
(in a subjective manner), copper occurs in 70 ppm of igneous 
rocks of the earth's crust, uranium only 2.6 ppm (Hawkes, 
1962, p. 22). Since all rocks of the crust were originally 
igneous rocks, it would appear reasonable to assume that
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there is 28 times as much copper available for concentra­
tion as uranium. If we define mineral deposits as concen­
trations of minerals in the earth's crust (as opposed to 
ore deposits which are economic concentrations) by processes 
which extract minerals from average or background levels and 
redeposit them in greater amounts than the average, then 
it might be reasonable to again assume that there are far 
lesser uranium deposits in both quality and quantity to be 
found than copper deposits. If this should be the case, 
then it is possible that future price increases, in response 
to the demand for uranium, may never bring about the re­
serves necessary to meet projected future requirements.
The conclusions to this rational are obvious.
Another l^asic premise was the fundamental knowledge 
and acceptance of the "cutoff-grade criteria" for estab­
lishing mineral reserves. The philosophy behind its de­
velopment was the perspective that all feasibility study 
parameters such as operating costs, capital costs, market 
prices and ore reserve grades as specific tonnages are 
uncertain. However, market conditions and/or ranges in 
costs and market prices are much easier to quantify and 
minimize the variance of than are the geological constraints. 
In most situations the purchase price or acquisition cost 
of a property, plus estimated capital costs per level of
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recovery, plus any associated interest cost and discount 
rates can be more-or-less fixed at the negotiating table 
or board meeting. Ranges in the per ton operating costs 
can be estimated for the particular mining method. Also, 
flexible minimum long-term contract prices may be nego­
tiated.
These conditions or factors may often set the stage 
for a future hypothetical production center. The accuracy 
of these parameters may be fairly well-known if a similar 
production center already exists and operating cost ranges 
may be minimal if significant tonnages have already been 
processed. This methodology is believed to be the answer 
to solving economic evaluations in at least three different 




As with any methodology applied to the solution of 
real-world problems, definitions are of fundamental importance. 
This fact is readily apparent when we make comparisons be­
tween the characteristics of uranium with fossil fuel eco­
nomic evaluations. Some unique characteristics of the uranium 
mining industry have created communication problems and a 
need for explicit definitions (until nuclear utility execu­
tives fully comprehend these subtle dissimilarities, the 
nuclear community will lack the necessary understanding 
vital to its successful survival). These unique character­
istics are presented and defined as follows:
1. The nature of the resource in terms of the economics 
of its exploitation. The distinction offered below between 
"fund" and "flow" resources was first attempted by Carlisle 
(1954). These are herein elaborated upon in the hope that 
in the future they will form part of the basics for the 
science of mineral economics. A thorough comprehension of 
these definitions and their ramifications should bring about 
greater harmony between executives at the. negotiating table 
through enhanced communications. The following illustration 
simply depicts the relationship of quality versus quantity 
for both "fund" and "flow" resources.
10
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The two resource classifications which follow the dia­










a) Fund resources: Those resources (deposits) with a more
or less limited amount of material available at a specific 
cutoff- grade, and therefore at a specific average grade. 
These resources decline in quality as the quantity avail­
able increases. In other words, if the "level of recovery” 
is increased, we do so at the expense of quality, i.e. 
pounds. Thus, the average grade decreases. This produc­
tion scheme can only be achieved in three ways: 1) In­
crease the market price per unit sold; 2 ) decrease the 
unit production cost; or 3) both.
b) Flow resources: Those resources whose quality remains
relatively constant with increasing levels of recovery 
or increasing volumes, within reasonable tolerances or 
constraints. These resources are considered unlimited 
within the constraints of property boundaries and also 
bed thickness if we use coal as an example. In this 
case, total production cost per unit behaves like any 
normally associated average total unit cost curve when 
the "level of recovery" can be maximized where:
AVERAGE TOTAL UNIT COST=MARGINAL REVENUE=AVERAGE REVENUE. 
Here, marginal costs decrease due to economies of 
scale, then rapidly increase due to diseconomies of 
scale. This analysis assumes that the quantity of 
product per unit of cost remains stable. The illus­








Average Revenue = 
Marginal Revenue






c) The essential differences between the fund resource and 
the flow resource is the nature of their depletions. 
Extraction of material from flow resources does not 
distort the economic extraction of the remainder, thus, 
the continuous flow of material. However, extraction 
of a partial quantity of material from a fund resource 
may destroy the economics of the remaining fund. This 
principle is often called the erosion of the resource 
base. Only at higher prices or lower production costs, 
or both, can the remainder of the fund be economically 
exploited. For this reason alone it may be imperative 
that the government, or some private organization, create 
price subsidies or floor price levels for select pro­
duction centers which can mine significantly greater 
tonnages of lower grade material at only slightly 
higher marginal costs.
These inherent distinctions between fund and flow- 
type occurrences of natural resources help explain 
the confusion' often associated with "levels" and 
"rate" of recovery. The distinction of a fund re­
source is fundamental to the economic exploitation 
of uranium deposits as well as other similar deposits 
of porphyry copper and other disseminated deposits 
such as sphalerite and Carlin-type gold.
2. The second set of correlative definitions applies to
production capability. These are:
LDSI1 C0,OH?Xr°‘̂
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a) Level of Recovery - the total quantity of material to 
be extracted from a deposit over its life-time with 
regard to the total quantity available. The signifi­
cance of this definition has been somewhat understated 
in the past. The problem of "level of recovery" is 
very critical in exploiting low-grade resources.
The "resource" implications for the coal industry 
are minimal. When a change in the level of recovery 
for a coal property is decided upon, it generally is 
a simple matter of expanding either the life of the 
project or the annual production capacity. Usually, 
the annual production' capacity can be expanded by 
utilizing advanced technology at increased capital 
costs, but associated with a possible decline in 
operating costs. In some cases this expansion may 
actually reduce unit capital cost as well as unit 
operating cost per ton.
As an example, on projects whose average operating 
grade drops from above .05% U3O8 to below .05% due 
to expansion of output from processing resources of 
declining quality, the marginal unit capital and 
operating costs both increase. At higher average 
grades the per ton capital cost will decrease, but 
per ton capital cost will increase; and this in­
crease may^ increase faster than the decrease in per 
ton capital cost (depending upon the tonnage-grade 
distributions), thereby increasing total per pound 
production cost., -The chart which follows indicates 
the theoretical range in levels of recovery for a 
deposit. At the Ql level, profit per unit is maximized; 
at Q2, total profits are maximized. The actual 
operating level will be somewhere between Ql and Q2.
This situation is unconscionable to the mineral 
economist and the production manager, but is very 
much a real life situation today.- We can no longer ^ 
deal as if in just the energy or fuel business 
with simple depleting resources such as coal, but 
must recognize the apparent scarcity of fund resources. 
The loss to society of paying incrementally too much 
for this commodity at higher production levels may be 
less than not having enough uranium to meet demand.
In addition, the trend toward diseconomy among 
mineral fuels which creates the upward-cost push 
on uranium may be more than offset by the transfer 
to more socially acceptable goals such as inexpensive 
















may be the foundation upon, which the evolutionary 
change in thinking in regard to fund resource ex­
ploitation in the most socially responsive way 
may take place.
b) Rate of recovery - The quantity of material produced 
in each year with respect to the total quantity to 
be removed. The need for a "specific rate" of recovery 
tied to an individual utility's requirements may be 
inconsistent with the viable range in economic pro­
duction rates. This creates uncertainty as to actual 
production plant design size with regard to matching 
known and potential ore reserves with the level of 
recovery. This question should be answered on a joint 
probability basis. -
3. Costs - Those charges actually expensed against each 
ton or pound of material produced. These charges are de­
fined as production costs and are composed of both capital 
and operating costs. A further breakdown of the terms used
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by the expired AEC, have been used as generally accepted 
industry norms.
a) Production costs are all those costs associated with 
producing ore or material from a given property to 
include capital costs of surface and underground 
plant and mill, equipment,, and working capital; 
cost of capital such as interest; and all associated 
operating costs to include mining, milling, royalty, 
haulage, ad valorem, overhead, indirect, marketing, 
and all others occurring after the acquisition, explor­
ation and development of an orebody.
b) Capital costs are all those costs associated with 
production which are not involved as a direct oper­
ating, overhead, indirect, or marketing expense.
Cost of capital is treated as a capital cost up
to the time production commences and thereafter 
referred to as an operating cost. Capital costs 
which are expensed against production do not enter 
the cutoff-grade calculation, discussed later on 
in this thesis.
c) Operating costs are those direct costs associated 
with removing ore from the- ground, transporting it 
to a processing facility, and processing it to an 
end-product or semi-finished product in marketable 
form. These are normally mining, milling, haulage, 
royalty, and ad valorem costs.
4. Grades - Always considered as the amount of actual 
output compared to the amount that had to be input processed 
to produce that output. The mathematical and economic de­
finition of these terms, as well as many others, is offered 
as Appendix B to this thesis.
a) Mine Cutoff (COGMINE) is the minimum grade of that 
material shipped to the mill after extraction and 
dilution at the mine which will just recover^ oper­
ating costs. The mine cutoff is always greater than 
the milling cutoff. Ore reserves to be mined must 
be blocked-out in sufficient quality and quantity 
to accomodate mill recoveries, extraction, and 
dilution.
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b) Required grade (RGRADE) is the grade of ore at a 
given tonnage or poundage which will just recover 
all production costs. This required grade must 
always be greater than the cutoff grade, whether 
at the mine or mill.
c) Average grade (AVG) is the grade of material at 
the given tonnage or poundage which is actually 
produced or processed. This grade may be greater 
than, equal to, or less than the cutoff and/or 
required grades. Obviously, in order to break even 
on the project, the level of recovery of average 
grade material must be greater than the required 
grade by an amount equal to that necessary to 
recoup acquisition, exploration, and development 
costs at the average price received for the product.
If a discount rate is applied to annual cashflows, 
this amount must also be compensated for. The 
AVERAGE GRADE is also the mill OPERATING GRADE.-
d) Marginal grade (GMARGIN) is that, grade above cutoff 
grade required to just recover all non-operating 
production costs at the specified level of recovery 
(TONS).
5. The discount rate (DCR) is the minimum acceptable 
return on annual cashflows to compensate for the risk of 
investing in other than guaranteed investments.
6 . Any value of product above and beyond the afore­
mentioned "costs" and proper discounting is considered the 
net present value of the profit (NPV).
7-. Maximum unit profit occurs where marginal cost equals
average total unit cost at Ql level of output.
8 . Maximum total profit occurs where marginal cost equals 
marginal revenue at Q2 level of output. Normally, production 
occurs at output levels between Ql and Q2. This is the case 
for the "price-taker" in a competitive industry. Such is
not the current yellowcake procurement situation.
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9. The return for the project is the ratio of the net 
present value of the cash flows to the net corporate capital 
investment.
10. Net corporate capital investment is the total capital 
invested in the project minus leveraged or borrowed capital.
T-181.7
THEORETICAL BACKGROUND
One concept essential to the accurate evaluation of 
fund resources is that of cutoff-grade. This was previously
defined as the minimum grade of material produced at a mine
which will just recover operating production costs, expressed 
as a percentage. Using this number as an index, the oper­
ating level of recovery for a project can be rapidly deter­
mined.
CUTOFF GRADE™ .j = AVGCST
AVGPPP * RECOVERY * FACTOR
where AVGCST = Actual cost of mining, milling,
royalty, and ad valorem in dollars 
per ton of ore.
and AVGPPP = Price per pound of mill output
and FACTOR = The constant "20" which repre­
sents a factor of 2 0 pounds per
each 1 % of a ton.
and RECOVERY = Mill recovery in terms of material
pounds extracted from ore compared
to the amount originally contained 
in the mineral ore fed to process.
In order for a project to just breakeven when processing
a given amount of tonnage, enough pounds over the cutoff
pounds must be produced which will recover capital and all
18
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other costs, given the expected market value of the product. 
These pounds must be considered as the marginal requirement, 
expressed as a percent grade. The production center oper­
ating grade and associated profits, if any, are determined 
by the total pounds produced. The production center require­
ments are computed as follows:
EXTRA LBS = (capital + all other costs in dollars)
AVGPPP
MARGINAL GRADE = (extra lbs)/(total tons * Factor)
REQUIRED GRADE = cutoff grade + marginal grade 
OPERATING GRADE= total lbs/(total tons * factor)
Once these values are determined, the resource model 
is queried for each of the above variables' probability of 
occurrence, depending upon whether the original resource 
estimate was objective or subjective. These probabilities 
are determined using a triangular distribution of grades 
given the lowest, highest, and expected average grades. This 
sequence is discussed in the section on methodology and its 
associated illustration. A probable index to the projects 
profitability is then determined and multiplied by its re­
spective profitability to arrive at a project profit index 
for each resource inventoried. The various resources sup­
plied to the production center model are thenceforth ranked 
according to the following index:
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PROFIT INDEX = PROJECT PROFIT * PROBABLE INDEX 
where' PROBABLE INDEX = PROBM * CONFIDENCE INDEX
and PROBM = PROBCOG * PROBRG * PROBOPG 
and CONFIDENCE INDEX = 1 - (PROBRG - PROBOPG)
Project profit is defined as gross operating margin 
at the specified level of recovery, market price, and oper­
ating cost minus corporate capital investment. PROBM is a 
variable factor of the composite probabilities of the resource 
to provide ore at the level of recovery at the cutoff, required, 
and operating grades. This factor can only be equal to one 
when the probability of achieving each of the three defined 
grades equals one. The CONFIDENCE INDEX (Cl) is an adjust­
ment factor to PROBM to compensate for the spread between 
the probabilities of achieving the required and operating 
grades, assuming that no respectable production center oper­
ator would operate a plant below the cutoff grade. Normally, 
the probability of achieving the operating grade is less 
than that for the required grade (i.e., this insures a profit); 
therefore Cl is generally less than one. The probability 
equations which follow are used to determine the above para­
meters depending upon whether the resource estimate is sub­
jective or not. If it is subjective, then conditional proba­
bilities are utilized; otherwise joint probabilities are 










JOINTP (A&B)/PROB(A) = P(B/A)
CONPRB (B/A) * PROB (A)
PMARGN (A)
Conditional probability that an event will 
occur given the occurrence of another event.
Joint probability that two events or condi­
tions will occur simultaneously.
Marginal probability that a specific event 
will occur, not conditional on the occur­
rence of some other event.




The methodology for the economic evaluation of flow 
resources is markedly different from that suggested by this 
thesis for the evaluation of fund resources. Using Illus­
tration B (text, p. 12) as the theoretical foundation for 
a flow resource evaluation, Table 1 is presented as a means 
of demonstrating and contrasting flow resource with fund 
resource evaluations.
In the flow resource case given, various project al­
ternatives are given to demonstrate the necessity of de­
ciding which criteria one uses to judge the viability of a 
project. If one uses the total profit or percent return 
criteria, then Case B should be selected. However, if 
future cashflows are discounted (as in commonly the case 
for mineral projects), then Case C yields the highest dis­
counted cashflow percent return. The writer believes that 
the methods herein presented for the evaluation of fund 
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It is necessary to demonstrate the difference between 
an evaluation of fund resources.based upon mineral inven­
tories and one based upon subjective estimates. The follow­
ing example utilizes the mineral inventory of hypothetical 
Deposit A given in Table 2 in the form of tonnage and grade 
distributions.
Illustration D found at the end of this text is a pic- 
toral representation of this data. Illustration E, also 
found at the end of the text, is a graph of the conditional 
probabilities of the reserves of Deposit A at the 2,800,000- 
pound level of recovery. These data are used in the case 
and solution which follow.
The solution which follows is also presented as Case A 
in Table 3 to follow. Table 3 is a summary table showing 
an analysis of Deposit A based upon a fixed price of uran­
ium of $16 per pound and an operating cost range of from 
$8 to $27.20 per ton of ore at a 100 percent mill recovery 
(industry averages from 70 to 95 percent).
CUTOFF GRADEmill = AVGCST/(AVGPPP*20) = .085
= ($27.20)/($16/lb/ton/%)
Now look up .085 in Table 2 or on Illustration D. Select 
1M tons of .14 percent UgOg material.
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TABLE 2












.005 .032 1 2 ,000,000 7,680,000 6 ,000,000 960,000
.015 .056 6 ,000,000 6,720,000 1 ,250,000 70,000
.025 .070 4,750,000 6,650,000 1 ,500,000 865,000
.035 .089 3,250,000 5,785,000 750,000 635,000
.045 .103 2,500,000 5,150,000 500,000 430,000
.055 .118 2 ,000,000 4,720,000 500,000 880,000
.065 .128 1,500,000 3,840,000 250,000 490,000
.075 .134 1,250,000 3,350,000 250,000 550,000
.085 .140 1 ,000,000 2,800,000 250,000 490,000
.090 .154 750,000 2,310,000 250,000 640,000
.100 .167 500,000 1,670,000 250,000 805,000
.115 .173 250,000 865,000 125,000 432,000
.125 .173 125,000 433,000 50,000 160,000
.135 .182 75,000 273,000 15,000 49,000
.145 .187 60,000 224,000 10,000 24,000
.155 .199 50,000 200,000 25,000 96,000
.175 .206 25,000 103,000 10,000 37,000
.195 .223 10,000 10,000 10,000 49,000
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Lb/ton = .14% * 20 lb/ton/% = 2.8
AVC = $27.20/ton * 2.8/ton = $9.71/lb 
Capital investment = $5M + .4 * $3.09M = $6.3M 1/
AFC = $6.3M/2.8m  pounds = $2.2 5/lb
ATUC = $9.71 + $2.25 = $11.96/lb
TCOST = $6.3M + $9.71/lb * 2.8M lb = $33.4 88M
PROFIT/LB = $16.00 - $11.96 = $4.04 
ANNUAL PROFIT = $4.04/lb * 1.4M lb = $5.656M
TOTAL PROFIT = 2 years * $5.656 M = $11.312M
If initial purchase price = $48M
Return = $11.312/$48 = .24 
If future cashflows are discounted to the beginning 
of the first year of production by 15 percent, then:
TOTAL PROFIT = $5.656M/1.15 + $5.656M/(1.15)2 = $9.197M 
Return (15% discounted) = $9.197M/$48M = .19 
Obviously,, this property is not worth any amount near 
$48M. As seen by Table 3, operating cost will have to be 
reduced from $27.20 to $8.00 per ton at the fixed price
1/ An old rule of thumb for computing the cost of a uranium 
~  mill is $5M for the first 1000 tons per day of plant
capacity and for each succeeding 1000 tons, exponentiate 
the amount by .7, i.e.:
Factor for second 1000 tpd = ($5M)’"̂ = $3.09M 
Fraction (.4) = 500,000 tpy/360 dpy = 1400 tpd
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TABLE 3
Uranium - Fixed Price Case ($16/lb)
Tons
Part A 
Pounds Capacity Life Capital
Case Cutoff xlO6 Grade xlO6 Ann1/lb Yrs. Invsmnt
A .085 1.00 .140 2.800 1.400M 2.0 $ 6.3M
B .075 1.25 .134 3.350 1.608 2.1 7.1
C .065 1.50 .128 3.840 1.664 2.3 7.6
D .055 2.00 .118 4.720 1.652 2.9 8.0
E .045 2.50 .103 5.150 1.545 3.3 8.6
F .035 3.25 .089 5.785 1.424 4.1 9.2
G .025 4.75 .070 6.650 
Part B
1.260 5.3 10.3
TCOST AVC AFC ATUC Total Profit Annual
Case $/ton $/lb $/lb $/lb Cost-M $/lb Profit-M
A 27.20 9.71 2.25 11.96 $33,488 4.04 $ 5.656
B 24.00 8.96 2.12 11.08 37.118 4.92 7.911
n 20.80 9.13 1.98 10.11 38.922 5.89 9.801
D 17.60 7.46 1.69 9.15 43.188 6.85 11.316
E 14.40 6.99 1.67 8.66 44.599 7.34 11.340
F 11.20 "■6.29 1.59 7.96 46.049 8.04 11.449
G 8.00 5.71 1.55 7.26 48.279 8.74 11.012
Part C
Profit DCR
Case Total Return 15% Return
A $11.312M .24 $ 9.197M .19
B 16.613 .35 13.411 .28
C 22.542 .47 17.958 .37
D 32.816 .68 25.147 .52
E 37.422 .77 27.933 .58
F 46.941 .98 33.301 .69
G 58.364 1.21 38.405 .80
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level of $16 per pound before this mineral inventory can 
be profitably exploited without discounting and a purchase 
price of $48M. Note that this would require milling most 
of the deposit at 4.75M tons of .07% U 3O8 material. This 
range in per ton operating cost is absurd when one considers 
that milling, royalty, haulage, and ad valorem costs taken 
together may equal $8.00 per ton, necessitating that mining 
cost per ton decline from about $19 to zero.
A more practical method of evaluation is to escalate 
the price per pound necessary to expand production of lower 
quality units. In Column 4 of Table 4 below note the drastic 
increase in price necessary to economically exploit this 
deposit at various levels of recovery at a fixed operating 
cost per ton "of $27.20. This is a rather unrealistic assump­
tion. Therefore, Column 5 varies operating costs by the 
same percentage as that used in the flow resource model 
evaluation.
Note the very close agreement of Columns 4 and 6 indi­
cating that the amount of material available from a deposit 
is much more dependent on the average price than on the 
operating cost, or for that matter, on the capital invest­
ment and/or acquisition cost. Also note the costs in 
Column 5 indicate the normal economic behavior of "economies 





Case Cutoff TCOST Price/lb per ton Price/lb
A .085 $27.20 $16.00 $27.20 $16.00
B .075 27.20 18.13 26.24 17.49
C .065 27.20 20.92 26.77 20.59
D .055 27.20 24.73 27.44 24.05
E .045 27.20 30.22 28.04 31.16
F .035 27.20 38.86 28.64 40.91
.025 27.20 54.40 32.70 65.40
of scale", creating situations where required prices must 
move up even faster than expected. Both examples of cost 
and market vaJLue escalations do not consider the effect of 
inflation which will drive both these parameters to higher 
levels. Also, no discounting rates have been applied— the 
cost and price quoted for the initial year is equal to that 
of the final year of production. Thus, the more yellowcake 
desired from a deposit, the higher the price you must pay; 
not the reverse as may be the case for some flow resource 
projects such as coal. In all cases costs move upward once 
you pass the optimum operating size— generally defined as 
the point where marginal cost equals marginal revenue (for 
the increasing market value case). This analysis points 
out the fact that production centers already producing
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yellowcake must decrease their operating cutoff grades with 
each corresponding market price rise if they are to continue 
their goal of maximizing profits. An obvious problem arises 
when a producing center is already operating at maximum 
plant capacity. The lower grade of material processed will 
produce smaller quantities of yellowcake per year. Either 
the rate of recovery will be reduced and the life of the 
project expanded, or the capacity of the plant must be ex­
panded .
At the completion of the Case A economic evaluation 
we continue by determining the probability that the project 
will break even, given that the 1 ,000,000 tons of ore exists.
COGLB = TVOL * CUTOFF * 20. = 1M * .085 * 20.
= 1,700,000 lb 
EXTRA LB = ($6 .3M + $48M)/$16/lb = 3,393,750 
MARGINAL GRADE = 3,393,750 * .05/1M = .170%
REQUIRED GRADE = CUTOFF + MARGINAL GRADES = .255%
TOTAL POUNDS = COGLB + EXTRA LB = 5,093,750
Referring to Illustration E we find there is a .985 proba­
bility of achieving the cutoff grade, a .78 probability 
of the required grade, and a .96 probability of producing 
at an operating grade of .14 percent U 30g. Note below 
that the confidence index is greater than zero which is
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impossible and therefore the probable index is also zero.
CONFID = 1 - (.78 - .96) = 1+ = 0 
PROBABLE INDEX = PROBM * 0 = 0
PROFIT INDEX = 0
These formulas verify what could have been intuitively guessed 
at; that is, that the required grade was in excess of the 
average operating grade and therefore there is no chance
that this production center will make a profit or breakeven
exploiting this reserve.
This methodology can be readily applied to solving a 
host of problems related to decision-making risks under con­
ditions of certainty and uncertainty. In addition, the pro- 
cedure is structured to accept resource information under 
conditions of uncertainty; for example, subjective estimates 
of grade distributions from which conditional probability 
estimates as to the financial outcome of a particular pro­
duction center can be generated. The discussion which fol­
lows relates three situations in which this methodology is 
applied to solving real-world problems.
Situation I: A company has been assigned the task
of evaluating an exploration program for uranium under four 
different assumptions. Assumption (1) provides for an oper­
ating production center (mill) within a known producing
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district or basin; assumption (2 ) provides for known re­
sources within a basin, but for which no .production facility 
has been constructed; assumption (3) provides that no reserves 
have been found within a basin, but some subsurface informa­
tion is known from a few scattered drill locations; and assump 
tion (4) specifies nothing except a qualified geologist's 
subjective estimate of what might be found.
In this situation any of the resource estimates must 
be considered subjective and all the results are in the form 
of conditional probabilities. The results can be useful in 
two different ways. Given the theoretical exploration, 
development, capital and operating costs, the conditional 
probability of specific financial outcomes can be determined. 
Also, given a minimum expected return on investment or a 
financial outcome, determine the relative size of the ex­
ploration budget in terms of total expenditure. Successive 
calculations can yield refinements to the original assumptions
Situation II: Given a production center with its asso­
ciated capital and operating costs, what is the nature of 
the resource base necessary to meet certain specified finan­
cial outcomes? The amount of exploration and development 
capital can also be input to see how this changes the re­
quired resource base.
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Situation III: Given a production center with its
associated (tributary) resource, base as well as explora­
tion, development, capital and operating costs, what is the 
net present value of its worth and therefore the maximum 
purchase price or stock acquisition cost? What are the 
facilities cutoff, breakeven, and operating grades relative 
to tonnage input and poundage output operating rates? What 
are the probabilities that each of the input resources can 
meet these criteria?
Answers to these questions are useful guidelines for 
explorationists who are preparing budgets, mining engineers 
designing mines at their most efficient rates and levels of 
recovery, corporate executives evaluating the economics of 
production centers (marketing strategies), and bankers who 
should determine the risk on payback of a loan out of pro­
duction revenues. Utilities and other interested parties 
bent on acquisitions, and/or joint exploration/development 
projects can evaluate the validity of various parameters 
offered to them as part of a deal on the basis of the pro­
bability of success of various financial outcomes. Finally, 
use of this methodology could enable government agencies to 
accurately categorize resources according to their relative 
production capability.
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The suggested procedure pinpoints the need for deter­
mining the exact relationship of cutoff grade versus average 
grade versus tonnage. Illustration D depicts these relation­
ships as determined by computer software originally developed 
by the AEC. The AEG methodology is as follows:
1. Select minimum required mining thickness at cutoff- 
grade (usually 2 feet for open-pit and 5 to 6 feet for under­
ground) .
2. Select either area of influence per hole or total 
area for all holes.
3. Run computer program which breaks-up drill hole 
mineralized intercepts into the minimum desired incremental 
grade-thicknesses.
4. Each grade-thickness intercept per established cri­
teria is stored in an array until all the drill holes have 
been processed.
5. At the end of the computations each grade-class 
(gt's) interval is multiplied by the appropriate area factor 
for the tonnage and poundage of material contained within 
that class and the total deposit inventoried.
6 . The final inventory is then incrementally decremented 
by the amount contained in each succeeding class. Table 2




The following example is an economic evaluation of a 
uranium exploration program founded on subjective estimates. 
Since the original mineral inventory is given as a subjec­
tive estimate, only conditional outcomes can be generated.
1 . A clastic, deltaic, continental sandstone formation 
of interest to uranium explorationists occurs at depths of 
100 to 500 feet throughout a hypothetical sedimentary basin.
a) Size: 100 miles by 100 miles
b) Depth, (average): (100+500)/2 - 300 ft.
c) Thickness (average): 100 ft.
d) Acquisition cost: $1000/sq. mi. = $10M
2. Envision or postulate locating a deposit or deposits 
with an inventory of 18M pounds of uranium at a minimum ex­
pected average grade of .025% U^Oq / an expected grade of 
.05%, and an expected maximum average grade of .10%. Thus, 
the expected tonnage range is:
a) Minimum: 18M * .05/.10 = 9M
b) Expected: 18M * .05/.05 = 18M
c) Maximum: 18M * .05/.025 = 36M
35
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3. This magnitude of resource base could justify a 
production center capable of processing 2000 tons per day 
for 350 days per year. On the average it is not expected
to find a deposit greater than 16 feet thick or whose density 
exceeds 16 cubic feet per ton. Therefore, the minimum areal 
extent of mineralization we are looking for is:
a) Area = min. vol. * tonnage factor/thk
= 9M tons * 16 cu. ft./tonrl6 ft.
= 9M sq. ft.
b) Rate of recovery = 350 days/yr. * 2000
c) Optimum drill spacing = (9M sq. ft.)-5
= 3000 ft.
4. Therefore, grid-drilling on 3000-foot centers or 
177 holes by 177 holes should intersect the minimum-sized, 
optimum-dimensioned drill target. Assuming average hole 
depths of 300^feet at an average hole cost of $500, this 
would require an exploration budget of:
a) Interval = 100 mi. * 5280 ft./mi. + 1
3000 ft./location
= 177
b) Minimum number of holes = 177 * 177
= 31,329 holes
c) Budget = 31,329 holes * $500/hole
= $16M
d) Assuming a 4-year exploration drilling program 
plus once a deposit is discovered that budgeted 
$4M per year is allocated to development drilling 
and feasibility studies.
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5. Now let us simulate the production center. Assume 
that the p o t e n t i a l  producer must invest $40M in property ac­
quisition, exploration, development, mine plant and mill con­
struction. Further assumptions are:
a) Operating production cost of $24/ton
b) Average price of uranium is $30/lb
c) Assume mine plant cost of $6M
d) Assume mill construction cost of $8M 1/
6 . Assuming that the exploration phase is successful 
and 18M pounds of uranium are discovered and 14M pounds of
yellowcake are produced, the following equations provide a
subjective risk analysis for this exploration program (con-
are taken from Table 5, pg. 4 0).
$24/ton -f $30/lb * .05 = .04%
COGMILL/.8 = .05% where .8 equals recov. 
14 M lb. * .05/.04/.97 where .97 extraction
(All non-operating costs)
AVGCST * Extrac.
(10M + $16M + $14M)/$24/ton * .97)
1.13M tons
17.5M - 1.13M = 16.37M tons 
14M lb * .05/(16.37 * .97)
.044%
.044/.8 = .055%
.070 (assumed for run)
.07/.8 = .0875%
18M lb * .05/.0875 = 10.3M 






RESERVE TONS = 
REQUIRED GRADEmill =
REQUIRED GRADEmine = 
OPERATING GRADEmill = 
OPERATING GRADEmine = 
RESERVE TONS = 
OPERATING TONS =
1/ See footnote 1/ on page 26 of this thesis.
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The conditional probability of achieving the cutoff grade 
is the probability of getting 18M tons containing 18M pounds, p 
PROBCOG = CONPRB (18M tons/18M lb) = .50 2/
The probability of achieving the required grade is the pro­
bability of getting 16.37 tons containing the 18M pounds.
PROBRG = CONPRB (16.37/18M) = .40 2/
The probability of achieving the operating grade is equal 
to the probability of 10.3M tons containing the required 18M 
pounds.
PROBOPG = CONPRB (10.3M/18M) = .03 2/
As per the previous example:
Cl = 1 - (.40 - .03) = .63
PROBM = .50 * .40 * .03 = .006
PI = PROBM * Cl = .63 * .006 = .004
PROJECT PROFIT = (14M lb * $30/lb - 10M tons *
$24/ton - $40M) = $140M
PROBABLE INDEX = PROJECT PROFIT * PI
= $140M * .004 = $0.56M
It is obvious that the producer will lose his original
$40M investment if he operates at a .05 percent l^Og cutoff
grade (.04 percent at mill). At the .055 percent i^Og reserve
grade, his probability for success drops to .40, but he will
breakeven, just recovering his $40M investment. If he operates
the project at .07 percent U3O3 he will make $140M, but
2 /  See Table 5 for Conditional Probabilities.
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achieve only a .03 probability of success. This analysis 
has been overly simplified for the sake of brevity and clarity. 
The inclusion of debt financing, interest rates, and discount­
ing can make the analysis considerably more complex.
It is important to note that the Profit Index is not 
an accurate measure of the probability of making a specific 
profit or other financial outcome, but rather an index for 
ranking projects and for selecting various operating con­
figurations and financing parameters. The best measure for 
judging this project's ability to breakeven most likely is 
the probability of achieving the Required Grade (PROBRG =
.40) and the best measure of its ability to achieve the com­
puted profit is the probability of achieving the operating 
reserve grade of .0875 (PROBOPG - .03). Again, the user of 
this methodology of these statistics should be cautioned as 
to their meaning, namely that these are all subjective or 
conditional probability estimates given that a mineral in­
ventory of 18M pounds has been found. Because the original 
mineral resource data furnished was subjective in nature, 
there is no way possible to determine the probability of 
finding the 18M pounds. This can only be achieved by knowing 
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In the past, in order for uranium producers to generate 
adequate profits in depressed uranium markets, they were 
forced to mine high grades above cutoff grades. Currently, 
with higher prices prevailing, there is a production-level 
shift to lower grades at higher volumes and levels of re­
covery found near the flatter portion of the tons versus 
grade curve (see Illustration D) . At this point the eco­
nomics of extraction of fund resources such as uranium, 
porphyry coppers, disseminated sphalerite and Carlin-type 
gold can be evaluated with concepts used in flow resource 
valuations such as coal. At this level of recovery the ex­
traction of very low-grade resources can be economic.
In reality, of course, we must remember that the do­
mestic yellowcake reserve will be significantly expanded 
above the current $30 per pound level of 713,52 0 tons (Meehan, 
1975, personal communication) when lower cutoffs are con­
sidered. However, we cannot forget the effects of a price 
rise on a fund resource. The example which follows demon­
strates this "erosion" of the resource base creating a
41
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situation which requires significantly higher prices in 
order to drive the cutoff grade to levels necessary for 
economic exploitation.
TABLE 6
Reserve Reserve Reserve Operating Required
Case Cutoff Tons Grade Pounds Cost/Ton Price/lb
A .035 3,250,000 .089 5,785,000 $21.00 $30.00
B .085 1 ,000,000 .140 2,800,000 25.50 15.00
C .025 2,250,000 .066 2,985,000 21.00 42.00
D .035 1,500,000 .055 1,995,000 21.00 30.00
In the above example if we mine our $15 reserve at $15 
per pound at a cost of $25.50 per ton, we will erode Our 
original $30 reserve base to the point where it will no 
longer be available at its original $21 per ton cost without 
a price increase to $42 per pound as in Case C. At $30 per 
pound, reserves at $21.00 per ton will have shrunk to the 
Case D level. Since we know the cutoff must be reduced to 
24 percent UgOg to recover the remainder of the deposit we 
have lost about 7 50,000 tons of ore containing about 1,000,000 
pounds of yellowcake. This portion of the reserves can never 
be recovered for less than a $42 per pound price at the $21 
per ton cost.
Notwithstanding these impressive arguments for sub­
stantial price increases for yellowcake, these factors are
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easily estimated compared to, estimates of land acquisition 
costs, exploration and development, uncertainty of tonnage 
and grade distributions, plus general uncertainty as to 
whether a deposit could even be found. These factors are 
estimated with greater certainty in the coal business.
All these lead to general price uncertainty, but prices 
should certainly continue to increase drastically if the 
world and/or domestic yellowcake supply situation doesn't 
turn around soon. Lead-times for uranium projects are con­
sidered to be 10-12 years. Since the known domestic resource 
base for uranium is adequate for 12-13 years, joint explor­
ation projects must be conceptualized now if they are to 
bring on line significant reserves on a timely basis. In 
addition, all'known deposits should be contracted for with 
flexible cost-plus-profit clauses. If we assume an orderly 
market place interaction, then gradually those deposits of 
lower and lower grades will be under long-term contract 
agreements. Companies who withhold their resources from 
the market take the risk that future prices will generate 
them a return on investment greater than the net present 
value of the resource. If additional deposits are found 
or a technological breakthrough occurs, or greater substi­
tution occurs, or a change in non-communist world export 
policies should increase supply, then prices, may not move
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as high or as fast as anticipated. It is therefore one of 
the author's conclusions that nuclear utilities and producers 
must resolve their differences now if we are to have an or­
derly economic evolution of the nuclear industry and perhaps 
the entire energy economy.
The recommended methodology for evaluating fund re­
sources as presented in this thesis is believed to be the 
best objective and realistic approach to an evaluation.
It is also believed to be a unique method of matching up 
ore reserves to a production center of fund resources. By 
utilizing conditional and joint probabilities, decision­
makers can better budget and plan for the exploration as 
well as development of these resources. It is also useful 
to production center managers be they superintendent, or 
mine or mill manager, who should understand the ramifications, 
nature and probability of success for the project based 
upon their daily operating decisions regarding exploitation.
It is essential that mineral economists employ this 
methodology of deductive logic if we are to better cope 
with and understand the nature of our declining domestic 
mineral resource base whether it be uranium or copper. It 
is hoped that future applications of this thinking will aid 
us in developing the best economic approach to solving the 
problem of depleting and diminishing resources. In the case
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of uranium it appears likely that the highest social ends 
may only be accomplished through compromised negotiation 
between utilities and producers. By establishing amicable 
cost-price relationships we may be able to meet yellowcake 
demand with environmentally and otherwise socially sound 
resources. If this is not achieved in the normal business 
fashion, then private or public sector price supports or 
the possible demise of future plans for nuclear-generated 
electrical stations may be in the offing. To these ends 
it is hoped that utilities and producers will continue to 
arrive at joint projects to adequately capitalize and plan 























Term  Meaning and/or Emperical Relationship .
TONS Volume of ore processed in tons
TVOL Total volume of required reserves (in tons) to
produce TONS
PDS Pounds produced by the production center
TLB Pounds in TVOL reserves required to produce PDS
RVOL Maximum tonnage of reserves which can contain
the necessary required pounds for the project 
to break even
RPOUND Minimum number of pounds in reserves at the
tonnage mined required to breakeven 
COGTON Maximum tonnage that contains the required pounds
to just compensate for the value received 
COGLB Minimum pounds of reserves required to just
recover operating costs 
GMARGIN Marginal required grade. That grade required 
above cutoff grade necessary to just recover 
all non-operating production costs 
EXTRACT Fraction of reserves in ground actually available 
for processing 
AVGPPP Average price per pound received in dollars
AVGCST Average cost of mining, milling, royalty and
ad valorem in dollars per ton of ore 
TCICAP Total invested capital
CICAP Total corporate invested capital
TCAPB Total leveraged or borrowed capital
EXTRAPD = 
MARGINAL GRADE = 
REQUIRED GRADE = 

















TVOL * REQUIRED GRADE * 20
TLB * .05/REQUIRED GRADE
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